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A complete and systematic effective field theory analysis of new physics effects in f¯f → ZZ
and f¯ f → γZ is performed. Results are presented for the different initial and final-state polarized
differential cross sections in terms of oblique, gauge-fermion and neutral triple gauge corrections
(nTGC). Phenomenological signatures for new physics detection at the LHC and at future linear
colliders are discussed. In comparison toWW production, they follow a completely different pattern:
nTGC only appear at NNLO in the effective field theory expansion and, accordingly, are extremely
suppressed. However, in the high energy regime, v ≪ √s ≪ 3 TeV, nTGC are shown to neatly
dominate the longitudinal-transversal final-state polarizations over the standard model background.
Their tiny effects get hugely amplified at energies
√
s ∼ (0.6 − 1) TeV and can easily generate up
to 20% deviations over the standard model predictions.
PACS numbers: 13.66.Fg, 13.66.Jn
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I. INTRODUCTION
Gauge boson pair production has become one of
the main tools to test the standard model struc-
ture of the gauge boson self-couplings and place
bounds on new physics corrections [1, 2]. Starting at
LEP [3], the scrutiny of triple gauge vertices has be-
come a standard strategy to probe new physics in the
pure gauge sector and holds a prominent position in
the physics programs at the Tevatron, the LHC and
future linear collider facilities. Such analyses rely
on the following points: (i) the triple gauge vertex
corrections are assumed to be the dominant sources
of new physics in f¯ f → WW,γZ,ZZ, for instance
over gauge-fermion corrections, which are neglected;
and (ii) the kinematic invariants that parametrize
the triple gauge vertices are upgraded to form fac-
tors in order to preserve unitarity at high energies.
(See [4] for a general review. For concrete studies at
hadron colliders, the reader is referred to [5–8].)
There are some aspects of the standard analysis
above that are not entirely satisfactory. First of
all, gauge-fermion operators are parametrically on
the same footing as the triple gauge operators for
charged pair production and even dominant for neu-
tral diboson production. Moreover, they can be re-
lated to triple gauge and oblique operators through
field redefinitions, and neglecting them is in general
inconsistent [9]. Gauge-fermion effects could still be
numerically suppressed, but so far the LEP global
electroweak fit gives no indications thereof: con-
straints on gauge-fermion and triple gauge operators
are comparable [10].
A form factor ansatz for the triple gauge ver-
tex kinematical invariants is also objectable. Triple
gauge parameters encode the underlying dynamical
content of the electroweak theory. Regardless of the
specific form of this UV-complete theory, at low en-
ergies it has to satisfy the SU(2) × U(1) standard
model symmetry. The form factor ansatz is however
blind to the standard model symmetry.
Both points can be improved if one adopts an ef-
fective field theory approach. To build an effective
field theory one only needs to specify the field con-
tent of the theory and the symmetries to be obeyed
at a given scale and endow the resulting set of oper-
ators with a power-counting, such that they are ar-
ranged as a series in inverse powers of a new physics
scale Λ. Such an approach is by construction model-
independent, SU(2)×U(1) invariant, and systemat-
ically improvable. Moreover, since the theory is only
valid up to the scale Λ, it is automatically protected
against unitarity breaking. The power-counting pro-
vides an ordering criteria for the operators and thus
selects the most relevant features at a given energy
scale, filtering out the unnecessary details. As a re-
sult, triple gauge vertex corrections can be expressed
in terms of a small set of coefficients while respecting
the standard model gauge symmetry.
Effective field theory methods were applied in the
past to the study of both charged and neutral gauge
boson pair production. However, a complete and
systematic analysis for WW production was only
recently performed in [9]. There it was shown that,
once a complete set of effective operators is included,
the leading new physics corrections to WW produc-
tion at LHC and linear colliders can be parametrized
entirely in terms of gauge-fermion operators.
In this paper I will extend the previous analysis
to neutral gauge boson ZZ and γZ production by
working out the full set of new physics contributions
affecting f¯f → ZZ and f¯ f → γZ and studying
their impact at energy scales s ≫ v2. Fast con-
vergence of the EFT expansion additionally requires
that s ≪ Λ2. Given that new physics effects (if
2present) are expected to appear at the TeV scale, in
practice this entails a rather broad energy window,
namely
√
s ∼ (0.6 − 1) TeV, which nicely fits the
operational energies of the LHC and future linear
colliders.
Since the nature of the scalar sector of the stan-
dard model is still unclear, it is advisable to work
both with a linear and a nonlinear realization of elec-
troweak symmetry breaking. The linear realization
assumes that the dynamics of electroweak symme-
try breaking is weakly coupled, while the nonlinear
realization is especially suited for strongly-coupled
scenarios. In the former case, new physics is decou-
pled and Λ is a free parameter; in the latter instead
one naturally expects Λ ∼ 4πv ≃ 3 TeV.
Detection of new physics effects in neutral diboson
production is a rather challenging task. Unlike the
charged case, neutral triple gauge vertex effects are
extremely subtle: the standard model contribution
cancels at tree level and only appears at one-loop as
anomalous fermion triangles, which bring O(10−4)
contributions [11–13] to some of the triple gauge pa-
rameters. New physics effects only appear as NNLO
effective operators and are likewise suppressed. As
a result, the cross section for both γZ and ZZ pro-
duction is overwhelmingly dominated by tree level
contributions in the t and u channels.
In this work I will show that a final-state polariza-
tion analysis is the right tool to unveil new physics
in ZZ and γZ production. This is in sharp con-
trast to the charged case. The main observation
is that standard model physics predominantly af-
fect the final-state transversal (TT) polarizations.
Anomalous nTGV effects are instead dominant for
LT polarizations, where the standard model is only
present through one-loop effects, which quickly de-
couple as ln s/s2 [13] to comply with anomaly con-
sistency conditions. Therefore, even though LT po-
larizations are largely suppressed, they offer a re-
markably clean test of anomalous nTGC: despite
the smallness of the coefficients, at
√
s = (0.6 − 1)
TeV new physics corrections get extremely magni-
fied, typically to O(20%) corrections.
This paper will be organized as follows: in Sec-
tion II I will discuss the most general form of new
physics corrections in diboson production both at
linear and hadron colliders. In Section III I will
work out the relevant effective field theory opera-
tors both in the linear and nonlinear realizations and
give expressions for the new physics corrections in
terms of the EFT coefficients. Section IV collects
the results for the (initial and final-state) polarized
cross sections for both e+e− → ZZ and e+e− → γZ
processes. In Section V, I compare the results ob-
tained with those of WW production. Conclusions
are given in Section VI.
II. NEW PHYSICS EFFECTS IN ZZ AND
γZ PRODUCTION
In this Section I will discuss all the possible
sources of new physics affecting f¯ f → ZZ and
f¯f → γZ. In Fig. 1 I have listed the different topolo-
gies that contribute to neutral gauge boson pair pro-
duction. The leading contribution comes from the
standard model t and u-channel exchanges (first two
diagrams) while new physics effects generate also s-
channel and contact term interactions. I will first
discuss the structure of the triple gauge boson ver-
tices and later on devote some time to the remaining
new physics-induced contributions.
For generic on-shell gauge bosons (or off-shell but
coupled to a conserved current), one can show that
the most general expression parametrizing the triple
gauge vertex contains just 7 independent kinemati-
cal structures [2]:
Γµνλ(p1, p2; q) = f1Qλgµν + f2(p1νgµλ − p2µgνλ)
+ if3(p1νgµλ + p2µgνλ) + f4p1νp2µQλ
+ if5ǫµνλρQ
ρ + f6ǫµνλρq
ρ + f7Qλǫµναρp
α
1 p
ρ
2
(1)
where q = p1 + p2 and Q = p1 − p2. The previ-
ous expression applies, for example, to WW pair
production through Z-exchange. For WW produc-
tion through photon exchange a further restriction
applies: the structure (W+µνW
µ− −W−µνWµ+)Aν is
fixed by the charge of the W and thus does not get
renormalized. Moreover, gauge invariance implies
that f3,5 ∼ s [2]. This means that for an on-shell
photon such terms are absent. In fact, as I will dis-
cuss in more detail in the next Section, such contri-
butions can always be reshuffled through gauge field
redefinitions. As a result, and without loss of gen-
erality, new physics effects in the γ∗WW vertex can
be reduced to 4 independent kinematical structures.
Further reductions occur for the neutral case. For
both γ∗ZZ and Z∗ZZ, Bose symmetry dramatically
simplifies the vertex to two structures, namely
ΓZZVµνλ (p1, p2; q) = iµ
V
1 (p1νgµλ + p2µgνλ) + iµ
V
2 ǫµνλρQ
ρ
(2)
It can be shown that all the coefficients above scale
as µVi ∼ (s −m2V ). For γ∗ZZ this is a consequence
of gauge invariance, while for Z∗ZZ it can be even-
tually traced back to Bose symmetry.
For γ∗γZ and Z∗γZ, gauge invariance restricts
the form factors to take the form
ΓZγVµνλ (p1, p2; q) = iβ
V
1 (p2λgµν − p2µgνλ) + iβV2 ǫµνλρpρ2
+ i
βV3
Λ2
p2µ(p1 · p2gνλ − p1νp2λ) + iβ
V
4
Λ2
Qλǫµναβp
α
1 p
β
2
(3)
3with βVi ∼ (s − m2V ). Terms proportional to the
Levi-Civita` tensor in Eqs. (2) and (3) are CP con-
serving (but P violating), while the remaining terms
violate CP. Since I will be interested in the (leading)
linear new physics corrections, which come from the
interference of new physics and the standard model,
only the CP conserving structures will contribute.
Furthermore, it is clear from Eq. (3) that the last
line is parametrically suppressed. In an EFT lan-
guage, such terms are generated at NNNLO and can
be safely neglected. Therefore, only the 4 parame-
ters µV2 , β
V
2 will be of relevance in the forecoming
analysis.
I will now turn my attention to the remaining new
physics contributions. As discussed in the Introduc-
tion, the only way of taking into account all pos-
sible corrections consistent with gauge symmetry is
to work within an effective field theory. As a result
of gauge symmetry, the form of the corrections in-
duced by the effective operators will not only affect
the vertices of Fig. 1, but will also effect shifts both
on the gauge boson kinetic terms and the fundamen-
tal standard model parameters.
Quite generically, gauge-fermion interactions will
receive new physics contributions in the form
Lf = eψ¯γµAµψ + e
∑
j=L,R
[
ζ
(0)
j + δζj
]
ψ¯jγµZ
µψj
(4)
where ζ
(0)
L = t
−1
2W and ζ
(0)
R = −tW are the standard
model tree level values.
Gauge boson kinetic term corrections can be
parametrized as
LK = −1
4
(1− 2∆Z)ZµνZµν − 1
4
(1− 2∆A)AµνAµν
+
1
2
∆AZAµνZ
µν (5)
Finally, since gauge invariance forbids corrections
to αem, shifts in the standard model fundamental
parameters can only affect mZ and GF as mZ →
(1 + δM )mZ and GF → (1 + 2δG)GF .
The best strategy is to reabsorb the kinetic gauge
mixing terms and the shifts in the parameters into
vertex corrections [14]. Kinetic terms are canoni-
cally normalized with the redefinitions:
Zµ = (1 +∆Z)Zˆµ
Aµ = (1 +∆A)Aˆµ +∆AZ Zˆµ (6)
Accordingly, the standard model fundamental pa-
rameters have to be renormalized as
mZ = (1− δM −∆Z) mˆZ
GF = (1− 2δG) GˆF
e = (1−∆A) eˆ (7)
where δj characterize the direct new physics con-
tributions, while ∆j are the shifts due to the gauge
boson kinetic normalization. The previous equations
imply that
sW = (1−∆W ) sˆW (8)
where
∆W =
c2W
c2W
(∆A −∆Z − δM − δG) (9)
The net effect is therefore a correction to the gauge-
fermion couplings as
δζˆL = δζL − ζ(0)L
δM + δG
c22W
+ (∆A −∆Z)t2W +∆AZ
δζˆR = δζR + ζ
(0)
R
δM + δG
c2W
+ (∆A −∆Z)t2W +∆AZ
(10)
Explicit expressions for the different new physics
parameters, namely µV2 , β
V
2 , δζL,R, δM,G and
∆A,Z,AZ in terms of EFT coefficients will be given
in the next Section.
III. EFFECTIVE FIELD THEORY
ANALYSIS
As discussed in the Introduction, given the present
status on the nature of the scalar sector of the stan-
dard model, it seems warranted to perform the anal-
ysis both in effective field theories with linearly and
nonlinearly realized electroweak symmetry break-
ing. The differences between both realizations are of
profound dynamical significance and affect the na-
ture of the new physics scale: in the linear theory,
the new physics scale Λ decouples and dimensional
power-counting applies. In contrast, in the nonlin-
ear theory the scale of new physics is dynamically
generated and therefore bound to be Λ ∼ 4πv ∼ 3
TeV. This invalidates the naive dimensional power-
counting, which has to be substituted by a more
elaborate one [15]. Despite the differences, for pro-
cesses like gauge boson pair production, in which
the scalar sector is not directly involved, both effec-
tive field theories should differ only slightly. InWW
production, for instance, the number of operators on
both theories is roughly the same, but in the linear
case some of them are further suppressed (i.e., they
are shifted from NLO to NNLO) [9].
In the following I will be working with the general
nonlinearly-realized effective field theory developed
in Ref. [15] and only later I will compare with the
linear realization. In the (minimal) nonlinear frame-
work, electroweak symmetry breaking is realized by
spontaneously breaking a global SU(2)L × SU(2)R
4e−
e+
Z, γ
Z
q2
q1
p2
p1
e−
e+
Z, γ
Z
e−
e+
Z, γ
Z
e−
e+
Z, γ
Z
Z, γ
q
FIG. 1: Different topologies contributing to neutral gauge boson production. Dotted vertices start at leading order,
while crossed ones appear at NNLO.
down to SU(2)V . The resulting Goldstone modes
are then collected into a matrix U transforming as
gLUg
†
R under the global group. One also defines
DµU = ∂µU + igWµU − ig′BµUT3 (11)
such that the standard model subgroup SU(2)L ×
U(1)Y is gauged. Henceforth I will use the short-
hand notation
Lµ = iUDµU
†; τL = UT3U
† (12)
for the Goldstone covariant derivative and the cus-
todial symmetry breaking spurion T3. With these
definitions, at leading order one gets
LLO = −1
2
〈WµνWµν〉 − 1
4
BµνB
µν +
v2
4
〈LµLµ〉
+ i
∑
j=L,R
ψ¯j 6Dψj + LY ukawa(U, f¯j , fj) (13)
where
DµψL = (∂µ + igWµ + ig
′YLBµ)ψL
DµψR = (∂µ + ig
′YRBµ)ψR (14)
In this work I will be only concerned with first-family
leptons, such that the Yukawa terms will be negligi-
ble.
NLO operators can be generically defined as
LNLO = βOβ +
∑
j
cj
v6−dj
Λ2
Oj (15)
where dj is the spacetime dimension of Oj . From
the previous equation it is clear that due to the non-
decoupling nature of the interactions, naive dimen-
sional power-counting is not at work. NLO oper-
ators were fully classified and worked out in [15].
With U,ψ,X as shorthand notations for Goldstone,
fermion and gauge fields, the classes were denoted as
UD4, XUD2, X2U , ψ2UD, ψ2UD2 and ψ4U . Out
of this, the only relevant classes for f¯ f → γZ, ZZ
at NLO are X2U , ψ2UD and ψ4U . The relevant
subset of operators is
LNLO =
2∑
j
λjOXj +
∑
j
ηjOV j + βOβ + η4fO4f
(16)
where
OX1 = g′gBµν〈WµντL〉
Oβ = v2〈τLLµ〉2
OX2 = g2〈WµντL〉2 (17)
are oblique corrections,
OV 1 = −q¯γµq 〈LµτL〉, OV 4 = −u¯γµu 〈LµτL〉
OV 2 = −q¯γµτLq 〈LµτL〉, OV 5 = −d¯γµd 〈LµτL〉
OV 7 = −l¯γµl 〈LµτL〉, OV 9 = −l¯γµτ12l 〈Lµτ21〉
OV 8 = −l¯γµτLl 〈LµτL〉 OV 10 = −e¯γµe 〈LµτL〉
(18)
are gauge-fermion new physics contributions (τ12 =
T1 + iT2; τ21 = T1 − iT2), and
O4f = 1
2
(OLL5 − 4OLL15) = (e¯LγρµL)(ν¯µγρνe)
(19)
OX1,2, Oβ , OV 9 and O4j are indirect contribu-
tions: the first two shift the kinetic terms, the third
renormalizesmZ and the remaining two renormalize
GF . OV 1−5 are the 4 direct contributions to gauge-
fermion vertices in pp collisions (correcting left and
5right-handed u¯uZ and d¯dZ vertices), while for e+e−
OV 10 and the combination 12OV 7−OV 8 respectively
correct the right and left-handed e+e−Z vertices.
Comparing with the phenomenological parame-
ters introduced in the previous Section, one finds
the following matching equations:
δM = −β
δG = η9 − v
2
4Λ2
η4f
∆Z = −λ1 + λ2
2t2W
∆A = λ1 +
λ2
2
∆AZ =
2λ1
t2W
+
λ2
tW
(20)
which are generic to both pp and e+e− collisions.
The previous set of equations, once plugged into
Eqs. (10), lead to:
δζˆL =
2e2λ1 − c2W ηL + βˆ
s2W c2W
δζˆR =
2e2λ1 − c2W ηR + 2s2W βˆ
s2W c2W
(21)
where we have defined βˆ = −(δM + δG) ≃ β − η9
and the parametrically-suppressed η4f contribution
has been neglected. {ηL = η7 − η8/2; ηR = η10} for
e+e− collisions and {ηL = fu(η7 + η8/2) + fd(η7 −
η8/2); ηR = gu(η4)+ gd(η5)} for pp collisions, where
fu,d and gu,d are a reminder that the coefficients
have to be dressed with the appropriate parton dis-
tribution functions.
It is interesting to point out that in the case
of e+e− collisions the gauge-boson corrections in
Eqs. (21) can be cast entirely in terms of the oblique
S and T parameters. In general, the relevant 3
gauge-fermion operators can be eliminated in favor
of 3 charged triple gauge coefficients and the oblique
parameters [9, 15]. However, since charged triple
gauge operators do not contribute to the neutral pro-
cesses, in practice this means that one can eliminate
the gauge-fermion operators and express the gauge-
fermion corrections of Eqs. (21) entirely in terms of
(redefined) λ1 and β coefficients, which can be re-
lated to the oblique parameters as S = −16πλ1 and
αT = 2β. Thus one finds
δζL =
α
s4W
(T − S)
δζR =
α
s4W
(2s2WT − S) (22)
I want to emphasize that the manipulations leading
to Eqs. (22) are only valid for e+e− collisions (and in
the nonlinear basis). In pp collisions, the increased
number of gauge-fermion operators does not allow
to remove them altogether.1
The most relevant difference between charged and
neutral gauge boson pair production is that in the
former the contribution to the triple gauge vertex
arises at NLO with direct contributions from the
OX1−6 operators. In the neutral case, there are no
direct contributions at NLO. This can be seen from
the fact that µVi , β
V
i ∼ (s−m2V ), which implies that
contributions to neutral triple gauge vertices have to
come at least at NNLO. At that order the effective
Lagrangian generically reads
LNNLO =
∑
j
cj
v8−dj
Λ4
Oj (23)
In Ref. [15] the NNLO classes were identified to be
UD6, UXD4, X2UD2, ψ2UD3, X3U , ψ2UX and
ψ2UXD but the corresponding operators were not
classified. If one works in the unitary gauge, contri-
butions to f¯f → ZZ, γZ can potentially come only
from X3U , ψ2UX and ψ2UXD, all the other classes
having far too many gauge bosons. X3U and ψ2UX
produce corrections to charged triple gauge vertices,
thus leaving ψ2UXD as the only potential class for
neutral triple gauge vertices. Without much effort,
one can show that the relevant operators inside this
class are
LnTGV =
∑
j=L,R
{
cjW
Λ2
J (j)µ 〈WµνLν〉+
cjB
Λ2
J (j)µ B
µν〈τLLν〉
+
c˜jW
Λ2
J (j)µ 〈W˜µνLν〉+
c˜jB
Λ2
J (j)µ B˜
µν〈τLLν〉
}
(24)
where J
(L,R)
µ = (f¯γµf)L,R.
Notice that the previous operators correspond to
the contact term diagram in Fig. 1, while there is no
contribution to the s-channel. This might sound sur-
prising, since after all we are after the effects of triple
gauge vertices. However, this is perfectly consistent:
since neutral triple gauge vertices are proportional
to (s −m2V ), their effects can always be reabsorbed
in the form of contact terms. In other words, the
effective operators that can be constructed to affect
nTGC can always be reduced using the equations of
motion to operators with fermion fields [7]. Thus,
the s-channel and contact configurations in Fig. 1
are not independent but complementary, depending
on the choice of effective operator basis.
1 Notice that even though some of the gauge-fermion coef-
ficients in pp collisions can be replaced by λ1 and β, one
can no longer relate them to S and T , which are defined
for vanishing gauge-fermion operators.
6In order to see explicitly this equivalence and
make contact with the triple gauge vertex coeffi-
cients, use has to be made of the equations of motion
for the gauge fields:
∂µBµν = g
′

∑
j
Yj f¯jγνfj +
v2
2
〈τLLν〉

 ;
DµW aµν = g

∑
j
f¯jLγνT
afjL − v
2
2
〈T aLν〉

 (25)
At linear colliders, one can restrict the fermion bilin-
ears above to e+e−. In the unitary gauge one then
finds that
l¯γν l = −2sW
e
[
cW ∂
µZµν + sW∂
µFµν
]
e¯γνe =
1
e
[
s2W ∂
µZµν − c2W ∂µFµν
]
(26)
and, using that (also in the unitary gauge)
〈WµνLν〉 = e
s2W
ZνW (3)µν +
e
2sW
∑
a=1,2
W ν(a)W (a)µν
〈τLLν〉 = e
s2W
Zν (27)
Eq. (24) can be rewritten as
LnTGV = λZZ
Λ2
∂λZ
λµZνZµν +
λγγ
Λ2
∂λF
λµZνFµν
+
λZγ
Λ2
∂λZ
λµZνFµν +
λγZ
Λ2
∂λF
λµZνZµν
+
λ˜ZZ
Λ2
∂λZ
λµZνZ˜µν +
λ˜γγ
Λ2
∂λF
λµZνF˜µν
+
λ˜Zγ
Λ2
∂λZ
λµZνF˜µν +
λ˜γZ
Λ2
∂λF
λµZνZ˜µν
(28)
which is in agreement with Ref. [16, 17]. Both basis
of operators can be related by
λZZ = −cW cLW + sW cLB + cW cRW − sW cRB
λγγ = −s
2
W
cW
cLW − sW cLB − sW
t2W
cRW − cW
t2W
cRB
λZγ = −sW cLW − cW cLB + sW cRW + cW cRB
λγZ = −sW cLW + s
2
W
cW
cLB − cW
t2W
cRW +
sW
t2W
cRB
(29)
with analogous expressions holding for the dual op-
erators. Using this basis, nTGC for ZZ and γZ
production can be expressed as
µZ1 = λZZ
s−m2Z
Λ2
; µγ1 = λγZ
s
Λ2
µZ2 = −λ˜ZZ
s−m2Z
Λ2
; µγ2 = −λ˜γZ
s
Λ2
(30)
and
βZ1 = −λZγ
s−m2Z
Λ2
; βγ1 = −λγγ
s
Λ2
βZ2 = λ˜Zγ
s−m2Z
Λ2
; βγ2 = λ˜γγ
s
Λ2
(31)
which indeed have the correct µVj , β
V
j ∼ (s − m2V )
behavior. Intuitively, the third and fourth diagrams
in Fig. 1 are equivalent because the structure of the
triple gauge coefficients cancels the γ and Z prop-
agators, effectively shrinking the contributions to a
contact term.
However, it is worth emphasizing that trading the
contact terms for the s-channel contributions is ex-
clusive from e+e− collisions. Eqs. (26) only hold
for this particular process. In general, for instance
for pp collisions, where 4 gauge-fermion currents are
needed, one can only eliminate the contact terms
partially. As a result, in a full-fledged EFT analy-
sis of new physics in neutral gauge boson pair pro-
duction at hadron colliders one cannot eliminate the
contact term in Fig. 1 but instead can eliminate
the s-channel contribution. This is so because there
are more operators involving fermion bilinears than
gauge boson self-interactions.
So far my discussion has concentrated on the
nonlinearly-realized effective field theory of the elec-
troweak interactions. Since no scalar particles are
involved in the analysis, one expects very little devi-
ations in the linear basis, except for occasional shift-
ings of the operators to higher dimensionality, as
happens in WW production (see the discussion in
Ref. [9]). In the neutral case, it so turns out that
every NLO operator discussed above is in a one-to-
one correspondence with a corresponding operator in
the linearly-realized EFT without any dimensional-
ity shifts whatsoever: notice that the only potential
exception, namely OX2 (NNLO in the linear basis)
is eventually irrelevant in the analysis.
Regarding the NNLO contact term operators in
Eq. (24), the linear ones can be straightforwardly
constructed by the following replacements:
〈LµτL〉 → i
2
(φ†
↔
Dµ φ)
〈WµνLν〉 → − i
4
Wµν(a)(φ†
↔
Daν φ) (32)
where
↔
Dµ=
→
Dµ −
←
Dµ and
↔
Daν= T
a
→
Dµ −
←
Dµ T
a.
Therefore, in the linear basis there are also 8 inde-
pendent NNLO operators contributing to the triple
gauge vertex. This agrees with the conclusions of
Ref. [16] and contrasts with the results obtained
in [18] and the statement made in [17] that there are
just 2 independent operators. This latter statement,
which is still used in some experimental analyses to
constraint the new physics coefficients, is incorrect.
7IV. POLARIZED CROSS SECTIONS AT
HIGH ENERGIES
In this Section I will present the results for
e+e− → γZ and e+e− → ZZ for different initial
and final-state polarizations. I will show that gauge-
fermion and triple gauge corrections leave rather dis-
tinct signatures. While the former appear as tiny
corrections to the dominant standard model back-
ground in purely transversal (TT) production, the
latter are parametrically dominant in LT-polarized
final states.
To fix my conventions, Z
(1)
µ will be chosen to point
in the positive z direction, and θ will be the angle
between the incoming e− and Z
(1)
µ . With these con-
ventions,
qµ1 =
√
s
2


1
− sin θ
0
cos θ

 ; qµ2 =
√
s
2


1
sin θ
0
− cos θ

 ;
ǫ
(1)
+1 = ǫ
(2)
−1 =
1√
2


0
−1
−i
0

 ; ǫ(1)−1 = ǫ(2)+1 = 1√
2


0
1
−i
0


(33)
For ZZ production one has
pµ1 =
√
s
2


1
0
0
β

 ; pµ2 =
√
s
2


1
0
0
−β

 ;
ǫ
(1)
0 =
√
s
2mZ


β
0
0
1

 ; ǫ(2)0 =
√
s
2mZ


−β
0
0
1

 (34)
with β =
√
1− 4m2Z
s
, while for γZ production
pµ1 =
√
s
2


b+
0
0
b−

 ; pµ2 =
√
s
2


b−
0
0
−b−

 ;
ǫ
(1)
0 =
√
s
2mZ


b−
0
0
b+

 ; b± = 1± m2Z
s
(35)
In the following I will discuss each process sepa-
rately.
A. e+e− → γZ
The interference of standard model and new
physics effects results in:
dσjγZ
dt
=
e4ζ2j (m
4
Z + s
2 − 2tu)
4πs2tu
+
e3ζj(m
2
Z + s)
4πs2
[
β2A
s
+
ζjβ2Z
s−m2Z
]
(36)
where j = L(R) denotes the contributions from
purely left-handed (right-handed) polarized elec-
trons. ζj = ζ
(0)
j +δζj , where ζ
(0)
L = t
−1
2W , ζ
(0)
R = −tW
and δζj are given in Eqs. (21). The nTGV param-
eters β2A,2Z can be expressed in terms of λ˜Zγ , λ˜γγ .
However, it is more instructive to express them in
terms of c˜jW , c˜jB :
β2A
s
+
ζjβ2Z
s−m2Z
= − 1
2Λ2
[
c˜jW
cW
+
c˜jB
sW
]
(37)
from which it is clear that initial-state polarizations
match.
At a linear collider, the hierarchy v ≪ √s ≪ Λ
holds, and one can expand the results in powers of
v2/s. The tree level standard model result is then
dσjSM
d cos θ
=
4πα2
s
(
1 + cos2 θ
sin2 θ
)
ζ2j (38)
while new physics corrections take the form:
dσjBSM
d cos θ
=
8πα2
s
ζj
[(
1 + cos2 θ
sin2 θ
)
δζj
− s
Λ2
sW c˜jW + cW c˜jB
4es2W
]
(39)
As mentioned at the beginning of this Section, the
two contributions above have very distinct kinemati-
cal behavior. This motivates to split the previous re-
sult into the different final-state polarizations. The
itemized contributions for generic energies are
dσjγZL
dt
=
e4m2Zζ
2
j
πs(m2Z − s)2
+
e3ζj
4πs
[
β2A
s
+
ζjβ2Z
s−m2Z
]
dσjγZT
dt
=
e4ζ2j (m
4
Z + s
2)((m2Z − s)2 − 2tu)
4πs2tu(m2Z − s)2
+
e3ζjm
2
Z
4πs2
[
β2A
s
+
ζjβ2Z
s−m2Z
]
(40)
In the high energy limit they reduce to
dσj
γ±ZL
d cos θ
= −πα
2(1∓ cos θ)ζj
Λ2
sW c˜jW + cW c˜jB
es2W
dσj
γ∓Z
±
T
d cos θ
=
2πα2
s
1± cos θ
1∓ cos θ ζ
2
j (41)
which are valid up to O(v2/s2) corrections.
8B. e+e− → ZZ
One can repeat the steps of the previous subsec-
tion for ZZ production. The interference of the stan-
dard model and new physics gives
dσjZZ
dt
= −e4ζ4j
4m8Z − 4m6Z(s+ 3t) +m4Z(s2 + 6st+ 14t2)− 2m2Zt(s+ 2t)2 + t(s3 + 3s2t+ 4st2 + 2t3)
4πs2t2u2
+ e3ζ2j
2m6Z −m4Z(3s+ 4t) +m2Z(s2 + 2t2) + st(s+ t)
2πs2tu
[
µ2A
s
+
ζjµ2Z
s−m2Z
]
(42)
Triple gauge parameters can be likewise expressed
in terms of c˜jW and c˜jB coefficients. The result
µ2A
s
+
ζjµ2Z
s−m2Z
=
1
2Λ2
[
c˜jW
sW
− c˜jB
cW
]
(43)
shows again that the initial polarizations match.
However, since the specific combination of c˜jW and
c˜jB differs in ZZ and γZ (compare Eq. (37) and
(43)), in a combined fit one can separately extract
c˜jW and c˜jB for each initial-state polarization.
At high energies the standard model result be-
comes
dσjSM
d cos θ
=
4πα2
s
(
1 + cos2 θ
sin2 θ
)
ζ4j (44)
and the new physics corrections are
dσjBSM
d cos θ
=
16πα2
s
ζ3j
[(
1 + cos2 θ
sin2 θ
)
δζj
− s
Λ2
cW c˜jW − sW c˜jB
4eζjs2W
]
(45)
Again, different final-state polarizations can be used
to disentangle both contributions above. The results
for generic energies for the different channels read
dσjZLZL
d cos θ
=
8πα2sm4Zβ sin
22θ
(s2β2 sin2θ + 4m4Z)
2
ζ4j
dσj
ZLZ
±
T
d cos θ
=
4πα2(1± cos θ)2m2Zβ((1∓ cos θ)s− 2m2Z)2
(s2β2 sin2θ + 4m4Z)
2
ζ4j
+
πα2(1± cos θ)2β3s((1∓ cos θ)s− 2m2Z)
s2β2 cos2θ − (s− 2m2Z)2
ζ2j
× 1
e
[
µ2A
s
+
ζjµ2Z
s−m2Z
]
dσj
Z
±
T
Z
∓
T
d cos θ
=
2πα2s2θ(1± cos θ)2βs(s− 2m2Z)2
(s2β2 sin2θ + 4m4Z)
2
ζ4j
dσj
Z
±
T
Z
±
T
d cos θ
=
1
4
dσLL
d cos θ
(46)
whose high energy behavior is
dσj
ZLZ
±
T
d cos θ
= −πα
2(1∓ cos θ)ζ2j
Λ2
cW c˜jW − sW c˜jB
es2W
dσj
Z
±
T
Z
∓
T
d cos θ
=
2πα2
s
1± cos θ
1∓ cos θ ζ
4
j (47)
The results above are valid up to O(v2/s2) correc-
tions. The LL channel only scales as O(v4/s3) and
can be safely neglected.
C. Numerical analysis
The results for the different initial and final-state
polarizations are shown in Fig. 2 as a function of
energy for cos θ = 0. For simplicity, the analysis has
been restricted to ZZ and γZ production in e+e−
collisions. For the standard model parameters I have
used
mZ = 91.19GeV; s
2
W = 0.231; α = 1/129 (48)
In order to estimate the expected size of the NLO
new physics effects, I have used the gauge-fermion
corrections in the form of Eq. (22). The latest Gfit-
ter results yield [19]
S = 0.03± 0.10; T = 0.05± 0.12 (49)
with slightly more stringent bounds when U = 0 is
assumed. Taking the central values as representa-
tive, one finds
δζL ≃ 2 · 10−4; δζR ≃ −1 · 10−4 (50)
For the NNLO corrections, bounds are much weaker.
At present, CDF [20], CMS [21] and D0 [22] have
reached the 10−2 precision on the nTGC, while
ATLAS [23, 24] provides the most precise deter-
mination to date, with bounds on all the param-
eters hovering around the lower 10−2 level. This
9is still far from the naive dimensional analysis esti-
mate, which predicts effects at the 10−4 level. Trans-
lated into the EFT coefficients, naively one expects
c˜jW , c˜jB ∼ v2/Λ2 ∼ 7 · 10−3. Here I will use
c˜jW
Λ2
≃ 3 · 10−9GeV−2; c˜jB
Λ2
≃ 2 · 10−9GeV−2
(51)
which are on the conservative side. New physics sce-
narios with heavy fermions [13, 25] are typical mech-
anisms to generate anomalous nTGV. Such contri-
butions have to vanish at asymptotically large ener-
gies to comply with the triangle anomaly. However,
if the heavy fermion thresholds sit not much above
3 TeV, they can lead to sizeable enhancements on
the NNLO coefficients. The plots of Fig. 2 there-
fore show only a modest amount of new physics. If
new physics appears at the TeV scale in the form
of new fermion families, depending on their inter-
family mass splittings, larger deviations can be eas-
ily generated.
The upper line in each panel of Fig. 2 corresponds
to the TT channel, which overwhelmingly dominates
the cross section for both γZ and ZZ production.
The main source of new physics in the TT channel
comes from oblique corrections, which correct the
standard model vertices at the permille level. In
contrast, new physics effects in the subdominant LT
channel are parametrically enhanced, and even the
very small corrections of Eq. (51) become detectable
at
√
s ∼ (0.6− 1) TeV.
V. COMPARISON WITH WW
PRODUCTION
It is instructive at this point to highlight the main
differences between the EFT analysis presented here
for neutral gauge boson pair production and that of
Ref. [9] for the charged diboson production.
• In the charged case, the standard model con-
tributions to triple gauge vertices appear first
at tree level. In the neutral case, contribu-
tions arise at one-loop through (anomalous)
fermionic triangles.
• The number of independent triple gauge struc-
tures is substantially reduced in the neutral
case and only comprises operators that either
violate CP or P. Only the latter can interfere
with the standard model contribution. This
singles out 2 coefficients for ZZ production
and 4 for γZ.
• In terms of effective operators, both processes
are affected by the same set of NLO gauge-
fermion and oblique corrections. However,
triple gauge operators for the neutral case only
appear at NNLO.
• Initial-state polarizations can be used in both
cases to isolate different sets of EFT coeffi-
cients. However, in the charged case the t-
channel is purely left-handed, while in the neu-
tral case left and right-handed polarizations
are diagrammatically equivalent.
• In the charged case, s-enhanced new physics
contributions were generated by longitudinal
(LL) final states. In the neutral case, LL final
states are extremely suppressed and LT and
TT final states are instead the dominant ones.
• Redundancies among operators can be used to
relate NLO gauge-fermion, oblique and triple
gauge operators. In e+e− → W+W−, the s-
enhanced triple gauge operators can be elim-
inated in favor of gauge-fermion ones. In the
neutral case, the same relations can be used to
eliminate the gauge-fermion operators in favor
of the oblique S and T parameters.
• For charged diboson production, gauge-
fermion operators parametrically decouple in
s from oblique and triple gauge operators.
In the neutral case, this decoupling does not
take place. Instead, oblique, gauge-fermion
and triple gauge operators can be disentangled
with final-state polarizations.
VI. CONCLUSIONS
Given that so far there is no evidence of new
physics below the TeV scale, adopting an effective
field theory is the most general and efficient way
to parametrize new physics effects at present-day
hadron colliders and future linear colliders. In this
paper I have presented a full-fledged EFT analy-
sis of ZZ and γZ production both for the linear
and nonlinear realizations of electroweak symmetry
breaking. The analysis includes all possible sources
of new physics up to NNLO, which turn out to be
parametrizable in terms of 6 parameters for e+e−
collisions and 8 for pp collisions. For e+e− colli-
sions, all 6 parameters can be separately determined
by exploiting the initial and final-state polarization
structure of ZZ and γZ production at typical pro-
jected linear collider energies, i.e., v2 ≪ s≪ Λ2.
A polarization analysis actually turns out to be
extremely rewarding. While the TT channel is dom-
inated by the standard model and almost saturates
the cross section, the subdominant LT channel of-
fers a clean window for new physics detection, where
nTGV effects are dominant. In contrast, the LL
10
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FIG. 2: TT (solid upper line) and LT (solid lower line) final-state polarizations in the standard model as a function of
energy (in GeV) for left-handed and right-handed initial-state polarizations, with cos θ = 0. Dashed lines indicate the
typical new physics corrections: for LT it is parametrically enhanced with energy, while for TT it is only a permille
correction.
channel turns out to be irrelevant. Notice that this
phenomenological pattern is in sharp contrast with
the one that emerges from the corresponding EFT
analysis of WW production [9].
The previous pattern shows that linear colliders
are excellent laboratories to constrain nTGC. Us-
ing the magnifying power of linear collider energies
in the LT channel, effects of NNLO coefficients can
easily amount to 20% corrections. Conversely, in the
absence thereof, one can place very stringent bounds
on the corresponding new physics operators.
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